Abstract. In the conventional displacement-based finite element analysis of composite beamcolumns that consist of two Euler-Bernoulli beams juxtaposed with a deformable shear connection, the coupling of the transverse and longitudinal displacement fields may cause oscillations in interlayer slip field and reduction in optimal convergence rate, known as sliplocking. This locking phenomenon is typical of multi-field problems of this type, and is known to produce erroneous results for the displacement based finite element analysis of composite beam-columns based on cubic transverse and linear longitudinal interpolation fields. In this paper it will be shown that by simple change of the pair of dependent variables in the formulation the locking behaviour can be alleviated. An example is presented to illustrate the effects of connection stiffness on the behaviour of composite beams and the results show that the proposed approach is efficient in alleviating the locking behaviour.
Introduction
Composite beams-columns are structural members formed when two beams are connected by means of shear connectors to form an interacting unit that is capable of resisting bending moments and axial forces. The simplest composite beam model with flexible shear connectors was initially developed by Newmark et al. [1] , in which two Euler-Bernoulli beams are connected by assuming that vertical separation does not occur between the components. Subsequently, several displacement-based finite element formulations were developed based on Newmark's model. These include those of Arizumi et al. [2] , Daniels and Crisinel [3] , Ranzi et al. [4, 5] and Dall'Asta and Zona [6] . However, displacement-based finite element formulations may suffer from the so-called slip-locking phenomenon because of the coupling between the displacement fields [7] . In order to overcome the limitations of many displacement-based finite element formulations, mixed and force-based finite element formulations were suggested by Salari et al. [8] , Ayoub and Filippou [9] , Ayoub [10] , and Dall'Asta and Zona [11] . On the other hand, the consistent interpolation strategy has been employed by Dall'Asta and Zona [12] , and Ranzi and Zona [13] to develop locking-free displacement-based finite element formulations for composite beam-columns. In this paper we are alleviating the locking 1 To whom any correspondence should be addressed. behaviour by a simple change of the conventional primary variables in the composite beam-column formulation. An example is presented to illustrate the effects of connection stiffness on the behaviour of composite beams. Numerical results presented illustrate the efficiency of the proposed formulation.
Composite beam-column analysis

Displacements and strains
The basic kinematic assumptions adopted in this paper were initially presented by Newmark et al. [1] based on which the composite member is composed of a top and a bottom Euler-Bernoulli beam elements, which are referred to as beams 1 and 2 as shown in Figure 1 (a). The composite cross-section is thus represented as 1 2 A A A = + , where 1 A and 2 A are the cross-sections of beams 1 and 2, respectively. The displacement field adopted in the formulation consists of the vertical displacement v of the selected reference axis, and the longitudinal displacements 1 w and 2 w of the centroids of beams 1 and 2, respectively as shown in Figure 1 (b). The slip at the interface between the two components of the composite beam is Γ , as shown in Figure 1 (b), which is due to the difference in longitudinal displacements 1 w and 2 w , and the rotation of both cross-sections v ′ , i.e. 2 1 w w hv
where h is the distance between the centroids of the beams, and ( )′ = d( )/dz. Strain expressions in each component can be determined by using the Euler-Bernoulli beam kinematics, hence in terms of the extensions 1 w ′ and 2 w ′ and the curvature v″ due to bending deformations as ( )
( )
where 1 h and 2 h are the coordinates of the centroids of beams 1 and 2 with respect to the reference axis, respectively as shown in Figure 1 (c). 
By using Equations (1) to (3) and (5) in Equation (4), the total potential energy functional can be written as
in which ( ) ( )
, F is the energy equivalent nodal external load vector, 
and 2 1 1 
where b K is the stiffness matrix associated with the bending and the axial deformations of the beam components and s K is associated with the slip energy i.e.
The simplest element that satisfies the compatibility conditions can be developed by using linear interpolations for the longitudinal displacements and cubic interpolation for the vertical displacement,
and the vector of nodal displacement U can be written as
This element will be referred as the Basic Element (BE) herein. It has been reported that for stiff shear connection, i.e. for the limit case of ρ → ∞ , BE suffers from slip-locking (e.g., Dall'Asta and Zona [7] ). The cause of locking in BE can be seen by substituting Equations (13) to (15) into Equation (1) to obtain the discretized form of the interlayer slip Γ as
In Equation (16) 
which is non-zero unless the vertical displacement field v is parabolic rather than cubic. The condition 0 Γ = for the limit case of ρ → ∞ , causes Equation (19) to vanish which enforces a constant value for the curvature v′′ , thus for stiffer connection stiffness ρ the convergence rate of BE reduces. On the other hand, c is not zero in general therefore constant slip cannot be produced by using Equation (16) and that causes oscillations in the slip field.
Finite element formulation based on the change of primary variables
By changing the primary variables of the formulation from the axial displacements of the both components at the centroids and the vertical displacement of the axis to the vertical and axial displacements of the arbitrary reference axis v and w, respectively and the slip at the intersection Γ , the longitudinal strain expressions can be written as
2 w yv
From Equations (20) and (21) and using the vector of changed nodal displacements, i.e.,
, the longitudinal strains can be written as
By substituting Equations (22), (23) into Equation (4), the total potential energy functional can be written as 
and I are the first and second moments of area of each component of the beam with respect to the selected reference axis. From the first variation of the total potential energy functional, the weak form of the equilibrium equations can be obtained as ( )
where 1 K and 2 K are the stiffness matrices associated with the bending and the axial deformations of the beam components and ρ K is associated with the slip energy i.e. ( ) ( ) ( ) Figure 3 shows the vertical deflection, slip and curvatures based on four element solutions, respectively based on which it can be shown that BE depicts stiffer behaviour then the exact solution when the connection stiffness is increased (Fig. 3.b) . Also, slip oscillations start to occur (Fig. 3.d) and the curvature within the element tends to be constant values when the connection stiffness is increased ( Fig. 3.f) . On the other hand PE's performance is not affected by the connection stiffness and the results are closed to the exact solution. In order to illustrate the convergence performance the analyses were made for one, two and four element models. The convergence performances of the elements based on the total strain energy are shown in Figures 4 (a) and (b) which illustrates that when the connection stiffness increases BE suffers from poor convergence rate due to slip-locking where PE's performance is not effected by the increment in connection stiffness. Figure 5 shows that the error in the energy norm for BE increases when the dimensionless stiffness parameter is increased however the energy error in the results based PE solution even decreases when the stiffness parameter increases. Thus, PE does not suffer from the slip-locking. 
Conclusions
The displacement based finite element formulation based on the linear interpolation of the longitudinal displacement fields of the components and the cubic interpolation of the vertical displacement field suffers from locking when used for the analysis of composite beam-columns consist of two EulerBernoulli beams juxtaposed with a deformable shear connection. The main problem with the conventional displacement based formulation is that for stiff connections the nodal values of slip may be totally erroneous and severe oscillations occur in the slip field. The basic displacement finite element formulation also suffers from degradation in accuracy and convergence rate when the connection stiffness is increased. In this study the displacement based finite element formulation was modified by changing the dependent variables in the variational formulation which alleviates the oscillations due to locking and significantly improves the accuracy and convergence characteristics. The selected example verifies that the proposed approach is accurate and efficient. 
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